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This study has been conducted by the Pomona Operation of General
y Dynamics Corporation for the Naval Air Systems Command under Contract
N00019-70~C~=0296.

The principal investigator for the study has been Mr. John G.
; Maloney. The experimental work and much of the analytical work was
. performed by Mr., Michael T. Shelton. Dr. George Lasker and Mr., Richard
¢ F. Sholtis served as staff consultants providing guidance for the finite
element analysis. Mr. David O. Rife provided assistance in developing
the joint compliance extraction technique. The direct technical super-
visor has been Mr. David A. Underhill, Structural Dynamics Section Head.

Mr. George P. Maggos has been the Naval Air Systems Command
technical monitor.

The joint compliance extraction technique discussed in Section 3,
which was developed in the Phase 1 study, has been restructured in
Phase 2 to take advantage of the more general approach developed by
. Messrs. Bert M. Hall and E. D. Calkin and Dr. M. S. Sholar (Reference 3).
The authors wish to acknowledge the contributions of Hall, Calkin and
Sholar to the Phase 2 study.

Acknowledgement is made to Messrs. W. J. Werback, E. L. Jeter and
J. W. Onstott of the Naval Weapons Center, China Lake for providing part
of the experimental data used in Section 4 of the study.
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Section 1.0

SUMMARY

The work performed and the results accomplished during the second
phase of a study of the structural dynamic properties of tactical missile
joints are presented in this report. The joint compliance extraction
technique evaluated in the Phase 1 study was extended, and the major
restrictions were overcome during the Phase 2 effort, A vibration test
program was performed to determine structural dynamic characteristics of
several actual tactical missile joints, with the unknowns in the test
being minimized to improve the quality of the data obtained. The joint
compliance extraction technique was then used to obtain joint compliance
information from the measured modal data. Also an investigation was
performed which demonstrates the possibility of predicting mechanical
joint properties using finite element methods. In addition, the finite
element analysis also demonstrated analytically that the number of load
paths and their spacing around the circumference of a joint are major
factors in determining joint compliance. The proposed Phase 3 objectives
are listed in the conclusions section along with the major conclusions of
the Phace 2 study.
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Section 2.0

INTRODUCTION

The study described in this report represents the second phase in a
basic investigation of the structural dynamic properties of tactical
missile joints being undertaken for the Naval Air Systems Command by the
Pomona Operation of General Dynamics.

The Phase 1 study, Reference 7, included the preliminary evaluation
of a method of extracting joint compliances from measured missile modal
response data. The method is further developed in Section 3 of this
study to the point that all of the significant restrictions and limita-
tions of the original method have now been removed.

A test method for isolating the structural dynamic characteristics
of joints using full scale actual missile joint hardware is developed in
Section 4. The effective flexural and shear compliances of several
different joints are derived from the test data collected in the experi-
mental portion of the study using the joint compliance extraction tech=
nique of Section 3.

Finite element analyses of three configurations of one of the joints
tested are presented in Section 5. A correlation analysis between the
measured and predicted flexural joint compliances is accomplished using a
two step finite element analysis. The test specimen is modeled first
using solid element. of revolution and the deflections due to axial load=
ing are computed. Then a conical shell element model is developed which
matches the axial deflections of the solid element model. The conical
shell element model is then used to compute the deflections due to a
moment loading and the effective flexural compliances of the joints are
determined.

Section 6 presents a status review of the Phase 2 effort and outlines
the scope of the stvdy planned for Phase 3.
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Section 3.0

JOINT COMPLIANCE EXTRACTION TECHNIQUE DEVELOPMENT

A joint compliance extraction technique was developed during Phase 1
of the study of structural dynamic properties of tactical missile joints
(Reference 7). It utilized a steepest~-descent method to solve for
variable unknown spring rates based upon a weighted best fit match
between experimental and theoretical mode shapes and natural frequencies.
The method was tailored specifically to beam representations of missile
structures. Unfortunately, the method as implemented had several limita~
tions. One of the restrictions was that the number of modes used had to
equal or exceed the number of unknown joints to obtain meaningful results.
Also, only bending cases with free-free boundary conditions could be run,
and no method of handling appendages had been devised.

Late in the Phase 1 study, a general method for estimating structural
parameters from dynmamic test data appeared in Reference 3 which looked
promising for use in the extraction of missile airframe joint compliances.
Subsequently this method was applied in Phase 2 to simple test cases with
encouraging results. As confidence was gained in the optimization method,
the method was programmed for use with a Control Data Corporation 6400
computer, Originally only first order gradient temms were used. The
first order gradient method worked well with a small (two degree of free=-
dom) system, but was inadequate for larger systems. Next a second order
gradient method in which the second order terms were approximated by
differences was tried. This method as implemented would work for certain
initial conditions, but not for all initial conditions. Therefore, tech=
niques were developed to improve convergence of the method, The resulting
computer program is called program JOINTS,

Section 3.1 presents the theory that program JO..TS is based upon,
and section 3.2 presents the test cases used in the development of JOINTS.
Program JOINTS has been employed to obtain airframe jolnt compliances
from experimental data. These results are included in Section 4.

3.1 METHOD OF ANALYSIS

The jolnt compliance extraction technique optimizes a linear lumped
parameter mathematical model of an elastic missile structure by determin=
ing the joint compliances of the model which can not be directly measured
from dynamic test data, It is, therefore, a tool which optimizes a semi-
empirical model by essentially a least square fit to the experimental
data. The dynamic test data to be used consists of a few of the lowest
mode frequencies and shapes. Therefore, the joint compliances ylelding
the best fit are found by minimizing a quadratic function of the differ-
ences between corresponding theoretical and experimental eigenvalues and
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eigenvectors, The function which i{s the sum of weighted squares of the
differences is referred to as the cost function:

) N ¢
£= 2 E/ {l“'f (e - ‘:)z * (xc'e‘t!a-> Mx(éie--’-(i*)} 1)

4A“
i S DA e RN

The frequencies and mode shapes are demoted by 4 and X ,respectively.
The welighting factor matrix 18 W and the index 1 is the mode number.
If the mode shape slopes are used, they are treated as additional compon=-
ents of the X's. The subscripts e and t denote experimental and
theoretical values,respectively. The minimization of the cost function
constitutes a nonlinear programming problem which is the subject of this
section, Optimization problems not amenable to standard methods are more
the rule than the exception. In this case the optimization is accom=~
plished by a steepest descent method especially developed for this study.
The basic concept originally appeared in Reference 3. Before proceed=-
ing with a detailed discussion of the method, the structural mathematical
model utilized will be described. The third section will deal with the ;
proper selection of the weighting factors. :

3.1.1 System Model. The fundamental structural dynamic considera- 5
tions of a tactical missile are often handled with a linear lumped para=-
meter mathematical model. The one used in this study is typical. More
expressly, the mathematical model simulates a beam-like body with a
series of lumped masses connected by weightless beams. Discrete shear,
_compressive, torsional, and flexural springs may be included at any point
in the model. The model can be used to analyze bending, torsion, and
longitudinal motion., The model contains provisions for including appen=-
dages attached to the main body at arbitrary angles with arbitrary attach-
ment springs. The appendages are modeled similarly o the main body. The
boundary value problem that results from this representation can be
expressed as an eigenvalue problem:

2 .
[K——ag.tmj Xp =0 i= 1,2, N (2)

where M and K are mass and stiffness matrices respectively. The sub-
routine within the computer program which solves the eigenvalue problem
uses the Holzer-Myklestad method. This numerical method utilizes trans=-
fer matrices from point to point on the model and finds the eigenvalues
by satisfying the boundary conditions using an iterative procedure. A
complete description of the method is found in Reference 9. Limitations
of the method and of economy preclude extraction of all N modes where
N is typically 50 to 200. It wiil be seen later that the lack of a com-
plete set of modes introduces approximations into the steepest descent
algorithm and necessitates modifications.
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3.1.2 optimization Method. The optimum values of the joint com=-
pliances,defined in a least square error sense, are determined by mini~
mizing the cost function which is accomplished with a modified steepest
descent method. Figure 3-1 shows a simplified flow diagram of the
computer program, JOINTS, which has been developed from this method.
Steepest descent or gradient methods as they are also known, iteratively
converge on the location of the minimum, since an analytical solution
of the condition for an extremum, ®F = 0, is not possible. The
successive estimates of the minimizing values of the independent variables,
in this case a vector the components of which are the unknown spring
rates of the structural joints k, are

n+i) ¢
£ "_ e 'F_lﬁcn) (3)

The superscript indicates the number of the estimate. If the quantity

@ is a constant, the algorithm i{s a first order method commonly referred
to as the steepest descent method. It is based on the intuitive notion
that 1f one proceeds in the direction of steepest descent, which Equation
(3) does, in small steps one must arrive at a local minimum. It can also
be proven rigorously (Reference 4). A ve.y efficlent second order method
may be derived by applying the Newton-Raphson algorithm to the gradient
of the cost function which yields the successive approximation,

. -/
Cnel) () 3“F
£ =k -5 ok ok vE Be (4)

The matrix of second partial derivatives must be non-singular. Theoreti=-
cally, the step size, S, is a scalar. However, in this study, it was
necessary to generalize its definition. Equation (4) serves as the basis
for the algorithm developed. The reasons for the modifications that were
necessary will be explained as they are encountered.

The jth component of the gradienc of the cost function is

a-)-(ct'
SL—“‘_ZI Wes M “"J.'e ak (xct ——ce) Wix ak } (5)

where ks 1s the jth unknown spring rate. In order tc calculate the

partial derivatives of the eigenvalues and mode displacement with respect

to the kg 8, a departure was made from Reference 3. Here the modes were
d

normalizéd to unity with respect to the generalized mass M,
¢ = oJf (6)
—’yc't M -)—(Jt - %y
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Also a joint compliance positioning matrix, Kj, is introduced which
locates the unknown spring rates within the full spring matrix -

Ny

k-F—-*JZ’ Kk, )

K {8 the matrix of known spring elements. Because of the peculiarities
of the method used to solve the eigenvalue problem, the spring matrix,
K, is not directly available and so neither are the variable spring

positioning matrices, the ki's. However, they can be derived by consider=

ing the strain energy stored in the jth spring. For simplicity, assume
that a separate spring rate is assigned to each joint., Then the strain
energy assocliated with the jth spring is:

Y = 'fz,—' iy (%= x)" (8)

where 'x; and x are the gslopes to the left and to the right of the joint
for the gase of a rotational spring. The strainenergy is also U

1/2k 4x 'TgJ,'. Equating the two expressions and then the coefficients of
like Terms, it can be deduced that the matrix, KJ, must be the null
matrix except for a submatrix,

/ -1
-/ / 9

corresponding to the coordinates on either side of the joint. Then
according to Reference 2 the partial derivatives are

2
aU‘-t T 7
'—S—E;— = _l!‘.e K Xio (10a)
N r 4
0 X _ s Xpe K Kie
= ———F Xse (10b)
K th wi-ay
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Equations (107) and (10b) can be expanded in terms of components of the nor-
mal coordinates by utilizing the strain energy relationship for each jo.at.

2
O Ly

dK; = X,y (Xtt;rm = Xee "’.H-/) Xee "’J*’( ey ™ %t """)

N
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Z8
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3
P 4
S
é
é
F
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ol
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N
”(xt mj = Xc‘t,mj«n‘) (11a)
3X ¢ .
3K, 12;!; CHEEV) [Xlt»m (Xuc ms = X, m/+/>
;
* Xee,mins (‘Xc‘c,mj * xie,mu/)} Xae (11b) L
where the indices »7/ and »7+ +/ refer to the components of the normal %
coordinates to the left and right of the jth joint respectively. The H
. partial derivatives of the mode shapes were derived using the second £
formulation of Reference 2 which requires a complete set of theoretical <
modes. As pointed out previously the sum has to be truncated for reasons %
of accuracy and economy., This is usually the case in dynamic problems. ;
Here the justification is a posteriori. The number of theoretical modes %
used in the computation of their derivatives is always the same as the 2

number of experimental modes available.

i T i
dK; gai T2 Xee (12)
4 Liti A —hy,

The second partial derivative of the cost function with respect to the
unknown spring rates, kq and kj, is

# 2 2 2 2
'F £ W gy O&, +(w1__ z) O &e
ax,ax ar (TF ey 3K “ d K, 3K;

2
a'{‘e a-gc't 3 -lit
a Kﬁ k/a'x DKJ' ( 5¢¢ > (7.4 aKgaK (13)
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The second partials of the eigenvalues and mode shapes are

2,.2 T
o 4, aX ; - X,

= S K Xeral & (142)
3KIK; 3K, .

az.&- ”’ 2 -/ F2 2 o éh)-f éw‘: v I'
£ 22 (WE-wmliY] |-Cad-al) (55 - XK X,

akaajg L¥¢ G “£e ( ak& AKXy ey
r
DRt iy e x a? DB
‘5A(i KAY) 3 = 14 o Af, _J L
: oX
7 v < 2t
* Ky KXo 3o A } (14b)

The maximum number of second partial derivatives of the eigenvalues that
is desired to be considered is a few hundred. However, the maximum
number of second partial derivatives of all the mode displacements that
may have to be computed is of the order of ten thousand. This fact and
the number of intermediate calculations for the evaluation of the analy-~
tical expressions for the second partials made computer memory and
machine time requirements prohibitive for the intended use of the com=
puter program.* Therefore, the second partials were computed approxi-
mately by taking differences of the first partials. Such a numerical
process tends to be accuracy sensitive and demands careful monitoring.
Without resorting to double precision arithmetic, the step size must be
large enough to yield a sufficient number of significant figures. On the
other hand, too large a step size may enclose a region too large for the
cost function to be represented by a quadratic., The procedure settled
upon was the following. Using the current estimate gﬂn), the gradient of
the cost function is computed with Equations (5), (lla) and (12). The
current estimates of the unknown springs are successively incremented

one at a time in the direction dictated by the corresponding component of

the gradient:
15
e

*Late in the Phase 2 study it was realized that direct calculation of
the second partials is very likely feasible since many of the terms
are zero. Direct calculation of the second partials is potentially
fagter than approximating the second partials by taking differences.

o(n) _ ) _ O~
Kj = K; /=r « SGN 3K,
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The relative increment, r, is the same for all the unknown spring rates
and fixed for a particular problem. The gradient is calculated at kf(“)
and the ratios of the differences of the respective components and the
spring rate increments are computed. In order to improve the estimates
of the second partial derivatives, corresponding off-diagonal estimates
which theoretically should be equal are averaged as indicated below.

K‘I
PP _ R eM o (k nn) K(,,>)_, oM |7
dk; dK; dk;0K; ~ 2 ¢ ¢ dK;
K
K.’
n) (M N\~/ ‘3}?<h) !
+ (KJ. - K 2 (16)
k;

The Hessian, the matrix of second partial derivatives, is then inverted.
The correction terms in Equation (4) are computed using a value of 1.0
for S. The sign and magnitude of each correction component are compared
to those of the increment used to estimate the second partials. If the
signs agree or if the magnitude is less than 2~1/2% of the current spring
rate, the second order correction is utilized. If not, equation (15) is
used. If the new spring rates, 5‘“*1), result in an increase in the cost
function, the correction terms to 5‘“ are halved repeatedly until a
decrease in the cost function is obtained. In any case, each variable
spring rate is kept within prespecified limits. These procedures which
taken together may be considered a complicated method of selecting a
varying step size, S, evolved heuristicly. Modifications which can be
made to improve them and put them on a more rigorous basis are possible.

3.1.3 Selection of Weighting Coefficients. Ideally the weighting
coefficients in the cost function should reflect the relative accuracy
of the experimental data and the relative importance of the information
to be obtained from applications of the mathematical model. The values
of the weighting coefficients relative to each other also can affect the
rate of convergence. The first two requirements can be satisfied qualita=
tively by decreasing the coefficients with increasing mode number.
Generally, the quality of the experimental data will deteriorate in pro=
gressively higher modes. Also the contribution of the higher modes to
dynamic responses of the structure will be less significant. Therefore,
in order to comstruct the weighting coefficients, each one was divided
into two multiplicative factors. One factor, the relative weighting
factor, is used in both the frequency and mode shape weighting coeffi~
cients to weight the importance of each mode with respect to all other
modes. 1In cases run to date, the relative weighting factor has usually
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been decreased by an order of magnitude for consecutively higher modes.
The other\myltiplicative factor in the frequency welghting coefficients
was made inversely proportional, to the fourth power of the experimental
frequency. The corresponding factor in the mode shape weighting coeffi-
clents was made a constant, the reciprocal of the number of components

in the mode shape. The mode shape weighting coefficients, which were
originally defined to be full matrices, are now equal to a constant times
the identity matrix. It might have been tempting to weight some mode
components more than others, but such a procedure if not carefully used
cculd distort the resulting mathematical model limiting {its applications.
In conclusion, the sets of weighting coefficients selected according to
these guide lines resulted in error terms in the cost function of about
the same order of magnitude. This was observed to enhance the rate of
convergence,

3.2 TEST CASE RESULTS

The purpose of the analytical test cases was to exercise program
JOINTS, to aid in its development, to uncover flaws and help debug the
program, to point out areas where Iimprovements might be implemented, and
to prove the program functions as desired. The test cases were developed
as required = beginning with a simple test case and progressing to more
complicated systems.

Figure 3~2 shows a simple system composed of two masses with three
compressive springs constraining their motion (Case 1). The test case
was used to check out program JOINTS beginning with its earliest form
(consisting solely of a first order gradient method). The program func-
tioned very well for the simple case in which the unknown springs repre=-
sented the total compliance of the system. Figures 3-3 and 3-4 show two
examples of the use of Case 1. In Figure 3~3, all three spring rates
were started low, and after eight iterations the program converged on the
correct golution., Figure 3=4 shows an example in which the initial
estimates for the three spring rates were selected high. For this situa=~
tion, the correct solution was arrived at within fourteen iterations.

Encouraged by these results, non-uniform beam systems were then investi=-
gated.

A non~uniform bending beam test case is shown in Figure 3=5 (Case 2).
It consists of five beam sections connected by four flexural joints,
The first order gradient method developed with the aid of Case 1 was
insufficient to solve the more complex problem of Case 2. Because of the
limitations uncovered by Case 2, a second order gradient method was
incorporated into program JOINTS. Even with a second order gradient
method, only limited success was achieved for Case 2. If the initial
estimates for the joint compliances were close to the correct values,
the second order gradient method would converge. However, Lf large
initial deviations for the joint compliances were assumed, the program

10
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E diverged away from the correct solution. Therefore additional altera=
E tions to the program were required to alleviate this problem. The
& resultant method is that discussed in Section 3.1.
. % A change incorporated into program JOINTS based upon Case 2 was to

make use of a first order gradient method when far from convergence, and
to make use of a se..nd order gradient method when near a cost function
minimum. Here, the phrase 'far from convergence' is defined as a region
which is determined by the directions {ndicated for changes in individual
spring rates from the first order and the second order gradient methods.
If the two methods indicate opposite directions should be taken for the
change in spring rate, the first order method is used. As the cost func=-
tion minimum is approached, the first and second order methods agree in
sign for the change in spring rate and the magnitude determined from the
second order method is used. This choice of either the first or second
order method is considered independently for each spring. Figure 3=6
shows a comparison of using the first order and second order methods to
solve for the spring rates of Case 1. Here the initial step size for the
first order method is different than for the example shown in Figure 3-3.

Figures 3~7 thru 3-11 show the use of program JOINTS with Case 2.
Recall that Case 2 {s a non-uniform bending beam with four flexural
joints. For the example shown in Figure 3-7, two of the four joint com~
pliances are assumed known correctly while two are considered unknown.
The compliances of joint numbers two and three are started high by a
factor of 2.0, and the correct joint compliances are converged upon in
five iterations (where the first iteration represents the initial
estimate input by the user). Only two bending modes are utilized in this
solution, It should be pointed out that the partial derivatives of the
eigenvectors with respect to the unknown spring rates (section 3.1, equa~
tion (10b)) are approximated by a single term in what should be a series
expansion when only two modes are used. Despite this possible problem
area, the results shown in Figure 3~7 look very good. It should also be
noted that the value of r (section 3.1, equation (15)) used in this case
was 25%, where r 1is the increment each spring is altered for the inter~
mediate steps in the computation of the second order gradients.

Figure 3-8 shows the same case as Figure 3-7 with the exception that
three flexural joint compliances are assumed unknown rather than two. In
this example, convergence is much slower than in the previous example
(approximately sixteen iterations)., Again the value of r wused is equal
to 25%. Other values of r have been considered with interesting
results, Figure 3-~9 shows the same example as Figure 3-8 but the value
of r used is only 1%. Here convergence upon the three correct joint
flexural compliances is achieved in five iterations. In both of these
examples three unknown spring rates were solved for, using only two modes.
Figure 3=10 illustrates further the importance of the first order gradient
step size, r, in the convergence of the method. Values of r considered
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range from 25% to 1%. Very little difference is seen between 17 and 5%,
suggesting that both approximate the second order gradients well. For
this case, it can be seen that 257% is too large a value of r for the
problem with three unknown springs, even though it worked well for the
problem with two unknown springs.

The choice of the step size, r, for the intermediate variation in
spring rates can cause a problem unless care is taken in the selection
of r. The step size must be large enough to prevent Lncurring computer
accuracy problems, yet small enough to adequately estimate second order
gradients of the cost function. Factors which enter into the correct
choice of r are the joint stiffness ratio, k., and the joint location,
X/L. 1In future program modifications, the effect of joint parameters
given in Reference 7 should be made use of to guard against an improper
choice of step size.

A further example of the use of program JOINTS with Case 2 is shown

in Figure 3=11., This figure illustrates the convergence upon three unknown
joint conpliances using two modes when the initial estimates are low.
Here two values of r were used. A value of r equal to 25% was used :
for the first four iterations, themn an r equal to 1% was used for the '
last four iterations, The reason for the use of a larger value of r 1in

- the early iterations is because the initial estimates are "far from con~-
vergence'". The correct joint compliances are obtained in six iterationms.

With the program functioning well for Cases 1 and 2, Case 3 was

developed to demonstrate the program's use.for a system containing an i
appendage to the main beam. Case 3, shown in Figure 3-12, consists of a '
uniform bending beam with a simple appendage. The appendage is connected

to the main beam by means of a flexural spring. On the main beam are two

joints with flexural springs. Figure 3~13 shows an example of the use of

program JOINTS with Case 3, For this example, three modes are utilized

in the problem solution. Two of the three initial estimates for the
~joint *flexural compliances are high by 33% and the other is 507 high.

Here convergence to the correct answer is obtained in three iterations.

Again going to a more complicated system uncovered additional areas
where improvements in program JOINTS could be implemented. For certain
initial estimates of joint and appendage attachment compliances, the order
of appearance of the appendage dominated modes will vary. Logic needs to
be implemented at the present time to safeguard against these problems.

Program JOINTS has been used to analyze a considerable amount of
data in Section 4.0. The weighting coefficients discussed in Section 3.1.3
were used in most but not all of these analyses., The weighting coefficients
are input by the yser and are really quite arbitrary. It is noted that for
the 2.75 inch diameter ring joint, reducing the mode shape weighting
factor for all modes yielded better results than the normal weighting
factors.,
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3.3 DEVELOPMENT STATUS

The following areas of concern remain in the program at the present
time. The eigenvalue problem solution utilized in program JOINTS is the g
predominant time consuming computational step when large systems are
analyzed. An existing eigenvalue routine was used which is known to have g
certain inefficiencies, Improvements in this routine will significantly i
reduce the overall computer time usea by program JOINTS. Also the eigen= £
value subroutine will under certain circumstances miss a mode in the %
frequency range of interest; this can cause many additional problems not %
discussed fully here. At the present time, mode weighting coefficients 3
are used in the program, and are required to be input by the user. It H
would be advantageous to have the program generate these coefficients. §
It is believed that the rate of convergence can be further improved with :
a few easily implemented programming changes. Among these changes is the 2
consideration of the magnitude of spring rate change relative to other £
quantities of concern - - the joint stiffness ratio and the joint location s
along the beam. Methods are also being considered to improve the run :
time by approximating intermediate changes in eigenvalues and eigenvectors, :
and hence the gradients themselves. p
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Section 4.0

EXPERIMENTAL PROGRAM

The experimental program was designed to provide selected data on
the dynamic characteristics of representative tactical missile airframe
joints. A secondary objective of the experimental program was to develop
test data which could be used to evaluate practical applications of the
joint compliance extraction code described in Section 3. The test
specimens were gpecially configured to achieve design simplicity and to
minimize the number of unknowns and thus increase the accuracy with which
the joint characteristics of the test specimen might be derived.

The following airframe joints, illustrated in Figures &4~1 thru 4-7,
were tested in the experimental portion of this study:

TEST CONFIG. JOINT TYPE DIAMETER MISSILE APPLICATION
1. Threaded Coupling 2.75" Redeye
2. Marmon Clamp 5.0" Sidewinder
3. Lapped Shear Bolt g.o" (Design Study)
4, Lapped Shear Bolt 13.5" Standard ARM

Continuous Land Ring
5. Tension Bolt (4) 13.5" Standard Missile
Tension Bolt (8)

Test data on Configurations 2 and 3 were provided by the Naval
Weapons Center, China Lake through the cooperation of Messrs. W. J. Werback,
E. L. Jeter and J. W. Onstott, The data on the remaining *est configura=
tions were obtained in the Structural Test Laboratory at General Dynamics,
Pomona Operation. Special pleces of hardware were constructed for the test-
ing of the joints in Configurations (1) thru (4), while Configuration 5
consisted of a portion of a Medium Range Standard Missile alrframe which
included three of the primary airframe joints but with the control sur-
faces, dorsal fins, and all internal components removed. The tests con~
sisted of identifying and surveying the first three flexural modes of
vibration for each of the test specimens,

The joint compliance extraction computer program discussed in Sec~

tion 3 was used to analyze the test data obtained for each configura-
tion. The results are shown in this section, along with the measured and
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computed mode shapes and frequencies of the test specimens. Also,measured
damping data are shown where obtained for the test configurations,

4.1 DESIGN OF THE EXPERIMENT

The ideal test configuration for experimental determination of joint
compliance (as recommended in the Phase I Study) would consist of uniform
well defined structure with the joint in question placed at the midspan.
Minimizing the number of unknowns is of primary importance. Midspan symmetry
about the joint plane permits the flexural and shear properties of the joint
to be isolated since no shear loads would exist at the midspan in the first
bending mode, and no bending moment at the midspan would exist in the second
bending mode. Additionally of course, the midspan joint has the greatest
effect on first mode frequency and thus enhances the accuracy of joint
flexural compliance predictions.

Few actual joints in tactical missile .: frames lend themselves
directly to this ideal test alrframe configuration, although clcse approxi~
mations are often possible. In three of the five test configurations,
empty rocket motor cases with the desired joint on one end were used to
establigh the desired relatively uniform well defined primary structure. In
each case, comparatively short span adapters were used to join a pair of
identical empty rocket motors creating a symmetric configuration with two
like joints near the midspan. The required adapters were designed with the
same tolerance limits as production missile hardware so that the resulting
joints would truly be representative of those on the actual missiles.

Before the test specimens were assembled, weight and center of gravity
measurements were made for the individual parts. Also to assist in defin=~
ing the stiffness of the rocket motor cases, each motor was suspended and
vibrated individually to obtain its lower free~free tending mode character=-
istics, The special hardware was then used to join the rocket motors using
production assembly torque specifications.

Figure 4~8 shows a typical test configuration. The specimen is sus=-
pended in a soft support system at the two nodes of the first free-free
bending mode. Here the type of specimen support system was chosen because
of its ease of assembly and because of the well defined boundary conditions
of the specimen. The excitation source is provided by an electromagnetic
shaker, and the force input is measured with a piezoelectric force gauge.
The bending mode shapes were measured using a pilezoelectric accelerometer
mounted on a permanent magne., Small flat steel pads were bonded to the
test configuration using dental cement, and the accelerometer-magnetic was
moved from pad to pad during the modal survey. At each monitoring location
the acceleration magnitude and phase were measured using a Weston transfer
function.analyzer. The acceleration data were then normalized, to obtain
convenient scales, and plotted.
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The structural damping is found from a decay response plot. These
plots were obtained by switching off the input to the power amplifier and
recording the decaying acceleration trace on a storage oscilloscope. The
damping ratio is then computed using the logarithmic decrement

r = An (Xo/xn)

X7rn
where Y = structural damping ratio
X, = peak acceleration response at some time after the
amplifier power has been switched off
X; = peak acceleration response n cycles after Xq.

4.2 TEST RESULTS

The test data on the seven joints under consideraticn are presented
in five sections corresponding to the five test specimens. Comparisons
of measured and predicted mode shapes and frequencies are given for each

. coafiguration. In addition to the basic data, section 4.2.4 presents
parametric studies dealing with the effects of joint fastener number,
spacing, and prelocad on modal response, damping, and effective joint com=~
pliance charac“eristics. Section 4.3 presents a comparison of the joint
compliances obtained in this study with the compliances presented for
similar joints in the Phase 1 study (Reference 7).

4.2.,1 Threaded Coupling Ring Joint. The cross section of the
threaded coupling ring joint (used in the 2.75 inch diameter Redeye
missile) is shown in Figure 4=1. The joint occurs in the missile airframe
between a titanium warhead and a steel rocket motor. The test configura~
tion employed a special five inch long spacer fabricated out of aluminum
(Figure 4=9). This spacer was designed to have identical joints at both
ends so that two Redeye rocket motors could be joined togethev. The
resulting configuration is 54 inches in length and geometrically symmetric
about the midspan of the assembly.

S A A LR R e . T R
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The test specimen was light, weighing only 4.37 pounds, and the
vibration modes were easily excited by a small induction shaker, which
requires no mechanical contact with the test gpecimen. The mode shapes
were measured with a roving miniature accelerometer mounted to the speci~-
men by bees' wax. Also a fixed miniature accelerometer was mounted at one
end of the specimen ag a reference accelerometer.

o

Y
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The theoretical mode shapes shown on the mode plots were predicted by
program JOINTS (Section 3 ) using a lumped parameter mathematical model
containing flexural springs at the two joint locations. The weighting fac~
tors used in program JOINTS to match the measured data were slightly
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different from those discussed in Section 3.1.3. Here the mode shape
weighting tactors were assumed proportional to the square of the mode
frequency rather than to the fourth power of the frequency. The reason
for the change was that the fourth power weighting factor on frequency
did not yield a quick convergence. Since the weighting factors are com-
pletely arbitrary, the effects of different weighting were investigated.

A comparison of the experimental and theoretical modal data for the
2.75 inch diameter threaded coupling ring joint test speciwmen are shown
in Figure 4~-10. The measured mode shape data shows little scatter and
the predicted mode shapes agree quite well with the measured data. The
first theoretical mode frequency agrees exactly with the first experimen-
tal frequency and the second mode frequency difference is less than 0.2%.
Only flexural springs were considered since the second mode shows virtually

no shear deformation across the joints. The resulting flexural joint
compliances are

C, = .196 (10)7® rad/tn-1b = ¢,

4.2.2 Marmon Clamp Joint. The dynamic response characteristics of
a five inch diameter Marmon clamp joint were investigated at the Naval
Weapons Center, China Lake, California (Reference 5). The mode shape and
frequency data are presented here. These data were used with program
JOINTS to compute joint compliances. Figure 4-2 shows the cross section
of the Marmon clamp joint. The test configuration and procedure were
quite similar to the tests performed at General Dynamics. Two rocket
motors were joined using a simulated warhead case which has identical
joints at both ends. The test specimen was suspended by a soft support
system at the nodes of the first free~free bending mode. The excitation
source and response measurements were made in a manner similar to that
discussed in Sect.ion 4.1.

The measured test data on the Marmon clamp test specimen are shown
in Figure 4-11 together with the theoretical modes obtained using program
JOINTS. The theoretical data matches the measured data quite well for all
three modes, with the third mode having the largest deviation. Only
flexural springs were modeled at the two joints for this configuration.
About a 37, frequency difference occurs in the second mode frequency,
indicating either a shear spring could have been modeled at the joint or
the calculated section properties of the test specimen might be slightly
in error. Approximately a 3% error occurs between the third measured and
computed bending mode frequencies. Overall, the comparison of experimen-
tal and analytical modes looks quite good, with the resulting flexural
compliances for the two Marmon clamp joints as follows:

C; = C = .39 (10)77 rad/in-1b

4.2.3 Shear Bolt Joint - 8.0 inch Diameter. Data on an additional
special test configuration were provided by the Naval Weapons Center,
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¥ China Lake, California. The test specimen in this case employed an

3 8-inch diameter eight fastener shear bolt joint. A cross sectional view
2 of the joint is shown in Figure 4=3, and a sketch of the test specimen is
: shown in Figure 4-12. The test specimen differs somewhat from the other

test configurations in that this specimen contains only a single rather
than two joints. Also, the test specimen is not actual missile hardware
but was designed and fabricated explicitly to investigate the dynamic
characteristics associated with the joint. Since the mechanical joint
is formed by joining a male and female section, the assembled specimen
1s not precisely symmetric about the joint interface when assembled.
This feature, however, is not considered to be significant.

i
S

In addition to the experimental data, analytiral modes were also
provided. The modes were obtained by a trial and error selection of the
single joint compliance. A comparison of the results obtained is shown
in Figure 4-13; a good match of the measured mode shapes is noted. A
frequency difference of 3.4% occurs in the first mode, while the second
and third mode frequencies are very close. The 3.4% error is obtained when
the 90° phase crossing is used to define resonance. However, double peaked
first and third modes appeared in the measured frequency response of the
8.0 inch diameter test specimen. If the average frequency between the two
peaks near each mode are used, the theoretical first mode frequency
matches this frequency quite well. The justification for considering the
average frequency of the two first mode peaks is that these two peaks
actually represent the bending frequencies in the two principle planes.
Neither of these planes are aligned with the plane in which the specimen
is being excited, thus both peaks oeccur in the excitation plane response.
Since the predicted first mode frequency lies between two actual first
mode frequengies for a single specimen, the predicted frequency should be
considered a good match of the measured first mode frequency. The result-
ing joint flexural compliance for this jolnt is &4.44 (10)™8 radians/(inch-

pound).

: z-,aw.\;lmmmmmmmw“”

4.2.4 Shear Bolt Joint = 13.5 Inch Diameter. The second shear bolt
joint on which test data were obtained has an outside diameter of 13.5
inches. It is employed in both the Standard ARM and Standard Missile med-
ium range airframes between the aft end of an eighty inch long rocket
motor and the forward end of a ten inch long spacer. The joint consists
of elghteen one~-quarter inch diameter fasteners equally spaced at twenty
degree increments around the circumference of the joint*. The cross
section of this joint is shown in Figure 4-4.

To accomplish the test objectives, a special ten inch long spacer
{shown in Fig. 4~14) was designed and fabricated which would permit two
eighty inch long rocket motors to be joined back to back, thus forming
two identical joints near the midspan. In addition to the basic eighteen
fastener configuration, other configurations were obtained and tested by
removing selected fasteners from the same hardware. The additional bolt
patterns consisted of twelve, nine, six, and three fasteners. The eighteen,

*For alignment purposes, one fastener does not conform with the
twenty degree spacing. It is shifted one degree and five
minutes from the twenty degree spacing to insure the two sections
mate together only one way.

N
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nine, six and three fastener configurations are capable of being symme-
tric in that they permit uniform spacing of the fasteners around the
circumference of the joint. The initially tested twelve fastener case
represents a slight but significant deviation from a uniform fastener
distribution since every third bolt was removed to obtain this configura-
tion. An additional investigation of non~-uniform spacing effects was
also accomplished by varying the bolt patterns for the 6 and 9 bolt con-
figurations. Figure 4-15 illustrates the spacing for the five basic
configurations, and Figure 4-30 i{llustrates the non=-uniform spacing econ~
figurations.

Before the test specimen was assembled, weight and center of gravity
measurements were made on the components of the test configuration to
insure that the mathematical model developed had the proper weight
distribution. Next, to verify the stiffness distribution of the rocket
motors, each motcr was hung free-free and excited. Mode shapes, resonant
frequencies, and damping ratios were measured for the first two bending
modes of the individual motors. Then the analytical model of each rocket
motor was tuned to achieve a good match with the measured bending mode
data. As a result, the two motors are modeled with slightly different
weight and stiffness distributions.

The measured mode shapes and frequencies for the basic eighteen,
twelve, nine, six, and three fastener configurations are shown in
Figures 4~16 thru 4~20, respectively. Also shown in these figures are
plots of the predicted mode shapes obtained from the joint compliance
extraction technique discussed in Section 3. For these analytical modes,
a lumped parameter mathematical model was used containing both a flexural
spring and a shear spring at each of the two joints. Shear springs were
employed in the model to account for the mode shape discontinuities which
were obgerved in the measured data, denoting shear deformation at the
joints. The match of the first mode data was weighted the heaviest in
these studies, with the match of the higher modes decreasing by a factor
of ten for each consecutively higher mode.

The correlation between measured and predicted mode frequencies and
mode shapes is generally gocd for all of the fastener configurations
investigated. Agreement tends to be best for the first mode frequency
and shape, deteriorating somewhat in the second and third mode (particul-
arly for the three fastener configuration in which large unsymmetric
shear deformations are observed). In other instances also, lack of
symmetry in the response about the midspan is evident which is attributed
to the slight differences in rocket motor weight and stiffness distribu=-
tion as well as the joint behavior. An additional characteristic of the
response which was exposed in the three fastener configuration was a high
frequency distortion as shown in Figure 4-21. High frequency transients
(approximately 1200 Hz) occur on one side of the 37 Hz fundamental wave~-
form. This behavior may be attributable to local impacting of the joint
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surfaces and could be a significant contributor to the relatively high
damping measured for this mode.

The variation in first mode frequency with the number of uniformly
spaced fasteners is shown in Figure 4-22. The resulting trend appears
to be very nearly linear on a semi~log plot and could be closely approxi=-
mated by an exponential function. The linearity of the structural
response was examined from the standpoint of first mode frequency varia-
tion with changes in both excitation force and fastener preload. A
twenty~five to one variation in excitation force produced a first mode
frequency change of only 3.6 percent. Similarly, a factor of 2 reduc~
tion in design torque on the fastenmers (60 inch pounds to 30 inch pounds)
produced a first mode frequency drop of only 3.4 percent. These effects
are also shown in Figure 4-22, The joint compliances derived for the basic
fastener configurations are listed in Table 4-1. The flexural compliances
are plotted in Figure 4=23 against the number of fasteners used in the
joint, and the shear compliances are shown plotted versus the number of
fasteners in Figure 4-24. Again it is noted that the twelve fastener
configuration represents a slight deviation from a uniform fastener dis=-
tribution, and hence the compliance values are plotted as Jashed symbols.
Also, it is noted that the joint compliances obtained are not precisely
equal in magnitude for the two joints. A difference of 15% exists between
the flexural compliances and a difference of 547 exists between the shear
compliances. It is felt that the comparativelv large difference in shear
compliance is due to possible experimental errors in measuring the second
mode shape. Generally, shear compliances known to within a factor of two
would probably be satisfactory because of the relative unimportance of
joint shear compliance in most practical applications. In fact, shear
compliances are rarely considered in tactical missile analyses (Reference
7). The variation in flexural compliance with number of fasteners is
shown to be remarkably well ordered (Figure 4~23) again being very closely
approximated by an exponential function. Doubling the number of fasten-
ers in this configuration increases the joint stiffness by a factor of
nearly 3. The predicted trend shown for shear compliance, Figure 4-24,
appears to be a more complex function.

In addition to the effect the number of fasteners has on the derived
joint compliance, the influence of the bolt preload was also investigated
for both the six and the nine fastener configurations. The design assem-
bly torque on the one quarter inch diameter bolts is nominally 60 inch-
pounds. For this investigation, the bolt torque was varied from 10 inch-
pounds to 80 inch-pounds. Only the first mode frequency was recorded at
each value of fastener torque. A curve of estimated flexural compliance
versus bolt torque is shown in Figure 4-25. The effect of varlatioms in
excitation force on the joint compliances was also briefly investigated,
and the results shown in Figure 4~25,

As stated before, the damping measurements were obtained from response
decay plots for all five of the bolt patterns. A plot showing the peak
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amplitude in each cycle versus the number of cycles after the shaker
power was switched off was made for the three, six, nine and eighteen
fastener configurations. Figure 4~26 shows these plots normalized to a
common amplitude at the beginning of the decay. The only configuration
exhibiting a significant departure from linear (viscous) damping is the
three fastener specimen. The slope of the decay plot changes for this
configuration between the fifth and tenth cycles indicating the damping
mechanisms affecting the response has changed. One possible explanation
is that some form of sliding friction contributes at the higher amplitudes
and that bevond the tenth cycle the amplitude has decreased to the point
where this mechanism is no longer present. The variation in estimated
first mode damping ratio with the number of fasteners is showm in Figure
4=27 along with the damping ratio of the two rocket motors alone. The
first mode damping ratio increases in magnitude by a factor of six in
going from eighteen fasteners to three fasteners. Figure 4-~28 shows the
first mode damping ratio versus bolt torque for the six and nine bolt
patterns, The damping ratios level out at approximately 40 inch-pounds

of torque for the 8ix and nine bolt patterns, as do the joint compliances,

An investigation was also conducted into the effect of non-uniform
spacing for a given number of fasteners. The six fastener configuration,
for example, could employ equal spacing of 60 degrees around the circum-
ference, or alternate 40° and 80° or 20° and 100° between fasteners.

The latter cases lie between the three equally spaced and the six equally
spaced fastener configurations as far as jolnt compliance is concerned.
Figure 4~29 shows a plot of the joint flexural compliance versus the
number of fasteners for both the equsally and the unequally spaced fastener
configurations. The bolt patterns assoclated with these compliances are
shown in the sketches of Figure 4~-30. It is concluded that fasteners
located uniformly around the circumference of the joint will produce the
stiffest joint for the number of fasteners.

4.2.5 Standard Missile Airframe. The last test configuration con=
sisted of the primary structure of a Standard Missile (MR) airframe
incorporating three separable tactical missile joints (Figures 4=5 thru
4~7). The test configuration was obtained by removing all internal and
external components as well as the entire steering control section in
order to achieve the simplest possible test airframe with minimum unknowns.
The resulting airframe assembly is shown in Figure 4~31.

The excitation source was an electromagnetic shaker attached to the
aft end of the airframe, The mode shape data were obtained using a rov-
ing accelerometer mounted to a magnet everywhere except on the radome,
where a hand held velocity probe was used. Again program JOINTS was used
to match the measured modes with theoretical modes and, hence, derive
values of joint compliance for the mechanical joints. In this situation
only flexural compliances were considered to be significant at the air-
frame joints. The weighting factors used in matching the measured data
are listed below.
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Mode Weighting Factors
Number Frequency Shape
1 2 1
2 1/2 1/4

3 1/4 1/16

A comparison of the analytical and experimental bending modes are
shown in Figure 4~32, The theoretical first and second mode shapes match
the measured data points quite well, while the third computed mode shape
exhibits noticeable deviations from the measured data. The frequency
differences between the measured and computed frequencies for the three
bending modes are 1.4%, 5.1%, and 5.6% respectively. The flexural com=
pliances derived for the three airframe joints are listed below.

Type of Joint Flexural Compliance
(Radians/Inch=Pound)

Continuous Land Ring 2,7 (10)"8

4 Bolt Tension < 0.1 (10)-8
T 1.1 (10)-8

8 Bolt Tension 1.1 (10)~8

The individual flexural compliances shown for the tension bolt joints
are viewed with some suspicion since the estimated values were found to be
quite sensitive to assumed weighting factors in the joint compliance
extraction code. The problem in this instance may be due to having two
relatively stiff joints very close together (less than a body diameter
apart). The sum of the two compliances shown, which controls the net
effect on alrframe response, is believed to be correct but the distribu-
tion between the two joints is felt to be not adequately resolved. The
code's ability to resolve joint compliance,of course,diminishes with
increasing joint stiffness since the effect on airframe response becomes
very small,

4,3 EVALUATION OF DERIVED COMPLIANCES

Table 4=2 presents a comparison of the joint flexural compliances
obtained during the Phase 2 study with previous estimates of joint flex~
ural compliance given in the Phase 1 final report. In addition, the

derived joint compliances are compared with a NASA stiffness rating based
upon joint diameter = = shown in Figure 4~33. Substantial differences,
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in some instances, between present and previous estimates of joint com~
pliance point out the sensitivity of the answer to test and analysis
methods.

The flexural compliance derived for the 2.75 inch diameter threaded
coupling ring joint test agrees closely with the compliance value given
in the Phase 1 report. In this case, the previous compliance estimate
was based upon a simplified vibration test where the number of unknown
variables could be minimized (similar to the Phase 2 test). The rating
for this joint is shown in Figure 4~33 to lie between good and excellent.
The threaded coupling ring joint (Figure 4-1) is further noted to be more
than a factor of 10 stiffer in rating than the continuous land ring joint
(Figure 4~5). The explanation for this disparitv is believed to lie in
multiple versus single thread load path behavior.

The 5.0 inch diameter Marmon clamp joint compliance obtained during
Phage 2 agrees well with the Phase 1 estimate, with a compliance differ-
ence of 227. Here the original joint compliance estimate was selected
from Alley's and Leadbetter's work (Reference 1) on the basis of engi~
neering judgement and later confirmed in missile level tests. This joint
also is seen to lie in the good to excellent range.

The 8.0 inch diameter shear bolt joint was not considered during
the Phagse 1 study; hence, no comparison can be made to the Phase 1 data.
However an interesting relationship with the 13.5 inch diameter shear
joint results is shown in Figure 4~-34. Here the joint flexural conpli~
ances for both the 8.0 inch and 13.5 inch diameter joints (measured during
Phase 2) have been multiplied by the joint diameter cubed and plotted
versus the number of fasteners in the joint. The 8.0 inch diameter joint
flexural compliance falls between the values obtained with six and nine
fasteners for the 13.5 inch diameter shear bolt joint. The implication
being that the number of fasteners, rather than structural details of the
sections being joined, dominates the joint compliance characteristics.

The flexural compliance of the 13.5 inch diameter 18 fastener shear
joint derived from the Phase 2 test data reveals a joint nearly five
times as stiff as previously estimated, with a rating between good and
excellent, Principal reasons for the inaccuracy of earlier estimates
include joint location near the aft end of the missile airframe (response
relatively insensitive to jnint stiffness), previous test airframe com=-
plexity (many unknowns), and the lack of a systematic procedure for
matching the theoretical and experimental modes.

The compliance of the continuous land ring joint also differs appre=~
ciably from earlier estimates, appearing to be nearly 80 percent more
compliant than had been assumed in previous studies. Similarly, the pair
of tension bolt joints judged in terms of net compliance (sum of individ-
ual contributions which are difficult to separate due to close proximity)
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reveals nearly a 60 percent increase in compliance over earlier estimates.

RS N

When reasonably accurate estimates of mechanical joint compliance
are required in design studies, a test approach based on placing the
unknown joint at the midspan of well-defined uniform structure would
appear to offer distinct advantages.

Table 4~1

13.5 INCH DIAMETER SHEAR BOLT JOINT

JOINT COMPLIANCES VS. NUMBER OF FASTENERS

NUMBER EXPERIMENTAL JOINT COMPLIANCES
FAgENEas JOINT 1 JOINT 2
FLEXURAL SHEAR FLEXURAL SHEAR
RAD/IN=-LB IN/LB RAD/IN=L3 IN/LB
18 .223(10)"8 | .554(10)=6 .220(10y"8 1 .531(10)~6
12+ .394(10)"8 | .837(10)70 .464(10)=8 | .388(10)"0
9 .590(10)"8 | .683(10)~6 .598(10)™8 | .697(10)"0
6 1.02(10)=8 |1.29(10)"6 1.03¢10)"8 | 1.05(10) "6
3 2.72(10)"% |9.86(10)"6 2.86(10)"8 | 9.51(10)"6

*Non=uni form Spacing (See Fig. 4=15)
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Table 4=2

; COMPARISON OF FLEXURAL COMPLIANCES
. WITH PHASE 1 DATA

FIGURE JOINT COMPLIANCE ~- RAD/IN-LB

TYPE OF JOINT NUMBER PREVIOUS PHASE 2
ESTIMATE* DERIVED
2.75 Tnch Diameter 4-1 2.0 (10)~7 2.0 (10)~7

Threaded Coupling Ring

5.0 Inch Diameter 4=2 5.0 (10)°8 3.9 (10)8
Marmon Clamp

8.0 Inch Diameter 4=3 b.4 (10).8
Shear Bolt Joint
(8 Fasteners)

13.5 Inch Diameter A 1.0 (10)8 0.22 (10)78
Shear Bolt Joint
(18 Fasteners)

13.5 Inch Diameter 4=5 1.5 (10)-8 2.7 (10)-8
Continuous Land Ring

13.5 Inch Dianeter 46 0.6 (107 | 0.1 (1008
4 Tension Bolt Joint
-8 1.1 (10)"8
13.5 Inch Diameter 4=7 0.1 (10)

8 Tension Bolt Joint

*Reference 7
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Section 5.0

FINITE ELEMENT ANALYSIS

In recent years many investigators have shown finite element
methods to be very powerful tools in structural analysis. The intent of
this section is to explore the application of these methods to the
prediction of tactical missile mechanical joint properties. For this
purpose, the 12.5 inch diameter shear bolt joint configuration described
in section 4.2.4 was chosen to be analyzed using conical shell elements.
The analysis was performed with the NASTRAN computer code (References 6
and 8), which utilizes the direct stiffness method of finite element
analysis.

5.1 MODEL DEVELOPMENT

The structure which was analyzed consisted of two rocket motors
connected by a speclally fabricated spacer. This structure was deliber~
ately made geometrically symmetric with respect to a plane passing through
the center oi the spacer and perpendicular to its centerline. Three
variations of the shear bolt joint, located at the interface of the rocket
motors and spacer, were considered in the analysis. These were the three,
six, and uine bolt configurations shown in Figure 5~1, The bolt place-
ments of e~ch joint had geometric symmetry with respect to plane A-A,
which contains the centerline of the structure.

Portions of the structure which are greater than approximately
one diumeter away from the shear bolt joint are upiform, thin shells.
When the structure is subjected to mechanical loads, the deformational
behavior of this region essentially satisfies the Kirchoff-~Love assump~
tions of thin elastic shell theory. These assumptions are:

1. The thickness of the shell 1s small compared to the smallest
radius of curvature of the shell.

2. Deflections of the shell are small.
3. Transverse normal stress is negligible.

4. Normals to the reference surface of the shell remain normal
to it during deformation.

Based upon these assumptions, the stress distribution across the thickness
of the structure in this region is linear. The portion of the structure
in the vicinity of the joint does not satisfy the Kirchoff-Love assump=
tions, however. This is due to the complicated geometry of the structure
in this region. There are abrupt changes in the thickness of the

73



L . JROS——, P A [ = S

GENERAL DYNAMICS
Electro Dynamic Division

structure, and the load paths betweer the spacer and the rocket motor
are significantly altered by the bolts in the joint. The resulting
stress distribution in the structure near the joint, therefore, varies
nonlinearly across the thickness of the structure.

In order to predict the bending compliance of the shear bolt joint
due to an applied bending moment in the A-A plane at each rocket motor
end, a finite element idealization of the structure was made. Conical
shell elements were considered to be best suited for the structural
idealization in this non~axisymmetric elasticity problem since Fourier
series are used to describe he displacement and rotation fields. There-
fore, the model of the structure consisted of conical shell elements to
represent the rocket motors and spacer, with provisions for discrete
springs to represent the bolts of the joint. Because the structure had
geometric and applied load symmetry with respect to a plane perpendicular
to the structure centerline and passing through the middle of the spacer,
only one~half of the structure needed to be idealized. Since the bend~
ing moment is constant at each cross section of the structure, only a
three diameter length of the half structure was idealized. A ten inch
long section of the gtructure modeled is shown in Figure 5~2. The bend=-

. ing moment was applied at the end of the modeled structure and was far
enough removed from the shear bolt joint to be in the region of linear
stress variation at the cross~section of the structure.

Since the force-deflection properties of the conical shell elements
result in a linear stress distribution across their thickness, the struc=-
tural idealizaticn using these elements would not be representative of
the force~deflection characteristics of the structure in the region of
the joint. This difficulty was compensatad for, however, by considering
the following auxiliary problem. Let the ten inch long portion of the
structure in Figure 5-2 be subjected to an enforced axial displacement
of 0.010 inch at station ten. Assume the structure to be continuous at
the shear bolt joint, i.e., the discrete bolts are replaced by an axisymme-
tric connector between the rocket motor and spacer. Since this structure
and the loading are axisymmetric, it can be idealized with finite elements
in two ways. The structure can be represented by triangular and trapezoi=
dal solid of revolution elements, and also, it can be represented by
conical shell elements, The representation of this structure by solid of
revolution elements has the advantage of being able to closely approximate
the nonlinear stress distribution which occurs due to the complicated
gecmetry in the region of the joint. This is due to the fact that many
of these finite elements can be placed across the thickness of the struc-
ture, resulting in a good piecewise approximation to the norlinear stress
distribution. By comparing the deformations predicted using the solid of
revolution element model and the conical shell element model of this struc=-
ture, the latter model can be adjusted to give essentially the same
structural deformatlons as the solid of revolution element model. These
adjustments consist of changes in the thickness of the elements, and also
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slight changes in the node ring geometry which establishes the middle
surfaces of the conical shell elements,

Proceeding in this manner, a 328 element solid of revolution
model, and a 28 conizal shell elemeni model were developed for the con=-
tinuous structure. They are shown in Figures 5-6 and 5-3, respectively.
Figures 5-4 and 5-5 compare the predicted axial and radial displacements
of the final conical shell element model and the solid of revolution
model. As can be seen, the conical shell element model adequately
represents the deformation of the structure in the region of the joint.
Figure 5«6 shows the undeformed solid of revolution model, the deformed
shape due to the .010 inch enforced axial displacement, and an overlay
of the deformed shape on the undeformed shape. Figure 5-~7 shows this
deformed configuration to an enlarged scale.

Having used the auxiliary problem to establish a conical shell
element model which was reprecentative of the structure in the region
of the joint, this model was then extended to the desired three body
diameters by adding four additional conical shell elements. These ele-
ments were located in the uniform shell region of the structure where the
stress varies linearly across the thickness of the structure. Hence the
model was still representative of the structure.

The conical shell element model was further extended to include
provisions for representing the bolts connecting the spacer to the rocket
motor. Since the bolts in the real structure are preloaded, the inter-
face region of the bolts has a high localized stress in the radial direc~
tion, and can develop potentially large friction forces influencing the
local relative motion of the rocket motor and spacer in the circumferen-
tial and axial directions. Explicit simulation of these effects is
considered to be a difficult modeling task beyond the scope of this
exploratory analysis. It was handled by removing the axisymmetric con-
nector at node rings 13 and 14 of the model (cf. Figure 5=3) and repre-
senting the bolt and interface contact stiffness by discrete springs
located at the circumferential locations of the bolts. These springs
constrain corresponding points on node rings 13 and 14 in the radial,
circumferential and axial directions. The localized contact between the
spacer and rocket motor of the real structure caused by bolt preloads is
not expected to be broken when the structure is deformed. Therefore, the
spring rates were given arbitrarily large values, which in effect con-
strain the points of spring attachment on node rings 13 and 14 to move
together,

Generally, when using conical shell elements, the resulting stiff-
ness matrix is structured so that the coefficients of one harmonic are
uncouple from those of all other harmonics. This enables each harmonic
to be solved for independently of all other harmonics. However, in the
case of the radial shear joint, the introduction of the discrete attach=-
ment points results in coupling of the various harmonics. This plays an
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important part in the investigation of solution convergence. The individ=-
ual contributions of the non=zero harmonics change with the number of the
highest order contributing harmonic considered in the analysis. There-~
fore, one can not consider an appropriate subset of the larger set of
harmonics to determine how much of the solution is attributable to this
subset. The solution must be computed separately for the subset to
establish irs contribution to the solution.

5.2 CORRELATION ANALYSIS

The bending compliances of the three, six, and nine bolt configura~
tions were predicted for comparison with compliances determined from
dynamic tests of the structure (cf Section 4 ). The analysis procedure
was as follows. The deflection and slope due to a unit bending moment
at station ten of the structure were first predicted using classical
Bernoulli~Euler beam theory. In this case, the beam representing the
structure is considered continuous at the joint location. The EI distri-
bution of the ten inch long portion of the structure is shown in Figure
5~8. Following this, the corresponding deflections and slopes of the
continuous fastener structure and the three, six, and nine bolt shear
joint structure were predicted from the apprcpriate conical shell element
models. In these cases, a unit bending moment was applied at the rocket
motor end of the model. The number of degrees of freedom for each struc~
tural model representing the various shear bolt joint config.: ations
varies with the number of Fourier series harmonics used in the analysis.
Table 5~1 summarizes the degrees of freedom of the structural models
representing the various bolt configurations analyzed. Figures 5-9
through 5-12 compare tne computed deflections over the first ten inches of
the finite element and classical beam models. The effective joint compli-
ance for representation as a discrete rotational spring is the difference
between the beam theory predicted slope and the finite element predicted
slope at station 10, The compliance was therefore, computed by the

expression:
e
e, = /L) - (=
\M /e M

é}é*l = gtructure glope at station 10 per unit
applied bending moment

where

and subscripts f and b denote finite element analysis and beam analysis,
respectively.

Since the structural deformations predicted by the finite element

models depend on the number of Fourier series harmonics used in the analy-
sis, the question of solution convergence becomes an important considera~
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tion. Desirably, sufficient harmonics would be used to assure reasonable x
convergence, The three bolt shear joint model was used as a basis for %
exploring solution convergence characteristics. Joint compliance was
predicted for this configuration using one, four, seven, and ten harmonics :
in the solution. The number of non=zero harmonics contributing to the :
solution for the joint compliance in these cases were one, three, five,

and seven respectively. This information is summarized in Table 5-1,

which includes similar data on the »ix and nine bolt fastener analyses.

The graph of Figure 5~13 shows the behavior of the predicted bending com=-

pliance versus the number of harmonics used in the analysis. On first

ingpection, the solution appears to be converging to a reasonably close
approximation (within 10%) of the compliance value determined for the

test data in Section 4.0. 1In order to obtain more than a qualitative

judgement on solution convergence, however, many additional harmonics

would have to be included. An unfortunate shortcoming of the present

NASTRAN code in using conical shell elements makes convergence testing

very costly in computer time particularly as the number of joint fasten=

ers increases.

If N is the order of the highest Fourier series harmonic of interest
in the analysis, NASTRAN constructs the element stiffness matrix usling
all N harmonics. This consumes a large amount of computer time when N is
large. Often, however, only certain of the harmonics contribute to the
solution. In the case of the 18 fastener joint, for example, a solution
comparable to that for the three fastener case involving seven participa=-
ting harmonics would require 55 total harmonics in the present method of
analysis. A considerable savings in computer operating expense could be
realized if individual harmonics could be selected for use in constructing
the stiffness matrix.

A second aspect of the present modeling approach introduces an
additional problem in judging solution convergence. If one were able to
congider an infinite number of harmonics in the analysis, the assumption
of point loads associlated with the joint fasteners would result in
infinite stresses and displacements at their points of application. The
predicted joint compliance would, therefcre, diverge as the number of
harmonics approaches infinity. More realistically, the model should
incorporate attachment forces distributed over a small area. This area
would represent the area of the localized normal and frictional forces
developed at the joint interface due to the bolt preloads. This wuld
avoid infinite displacements, and result in a convergence value for the
predicted compliance when an infinite number of harmonics 1s considered.
From a practical viewpoint, however, one can only consider a finite
number of harmonics in the analysis, The resulting truncated Fourier
series representations of the concentrated spring forces is in effect
spread over some finite area, as it is fn reality. 1t is probable that
there is a large interval of harmonics, beyond some minimal order harmonic,
in which the predicted joint compliance undergoes only slight changes in
values. Beyond this interval, the predicted joint compliance would tend
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to diverge. Within this intervai, the predicted joint compliance would
be expected to provide a reasonable approximation of the joint compliance.
Additional study of predicted compliance versus number of harmonics

would be required to establish this interval of pseudo convergence.

For the six and nine bolt configurations, seven and ten harmonics,
respectively, were used in the analysis, providing only three participa~
ting harmonics in each case. The predicted bending compliances were 45%
and 37%, respectively, below the average measured values. In these
instances, more harmonics are clearly required to improve the answers.
These data are summarized in Table 5~2 and Figure 5-14. Using the three
bolt case as a guideline for these configurations, at least 19 and 28
aarmonics, respectively, would have to be used in the analyses to expect
a reasonable approximation. This estimate would give seven contributing
harmonics for each configuration,

Aside from the question of convergence (which can be more realisti~
cally addressed after making some refinements in both the mathematical
model and the analysis code), the important point to be made is that the
predicted compliances are sufficiently close (even when only three con=-
tributing harmonics are ysed) to illustrate the power of finite element
techniques in coping with grossly distorted load paths through airframe
joints. The three fastener configuration in fact is believed to repre-
sent the most severe test of this modeling approach., Further study will
hopefully show that refinements In representing the local interface con-
tact region constitute second order considerations and therefore will not
demand more precise analysis.
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Tadle 5~1

NUMBER OF HARMONICS AND DEGREES OF FREEDOM
FOR THE SHELL ELEMENT MODELS

[ Number of Highest Harmonic Contributing Dcgrees of
Fasteners Used Harmonics Freedom
3 1 1 167
3 4 1, 2, 4 501
3 7 1,2, 4,5, 7 835
3 10 1, 2, 4, 5,7, 8, 10 1169
6 7 1, 5, 7 501
9 10 1, 8, 10 501

Table 5-2
SU"™ARY OF EXPERIMENTAL AN" PRIDICTED
JOINT COMPLIANCES

Number Avg. Measured Predicted Compliarnce X108, Rad/In-Lb

of Compliance X108, Participating Harmonics Considered
Bolts Rad/In=~Lb 3 5 7

3 2.79 1.73 2.27 2.54

6 1.03 0.562 - - - -

9 0.59% 0.277 1 - - - -
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Section 6.0

CONCLUSIONS

In reviewing the results of Phase 2, the Data Acquisition and
Analysis Extension Phase'", the major points are the following.

(1

(2)

(3)

(%)

(5)

(6)

The joint compliance extraction technique, which has beer
extended using the formulation of Reference 3, is now a
powerful and versatile elastic mode data reduction tool.
All of the significant restrictions and limitations of the
original method have .ow been removed.

A test method designed to isolate the structural dynamic
characteristics of joints using full scale actual missile
joint hardiare has been designed and implemented. T+-
test method increases the resolutions of the desired lita
by minimizing the uncertainties.

Empirically derived flexural joint compliances are letermined
for sevendifferent tactical missile joints and for live
variations of one of the joints using the joinc ccmpliance
extraction technique.

Comparison of the empirically derived flexural joint com-
pliances with the estimates obtained in the Phase 1 study
(Reference 7) show good agreement for the threadad coupling
and Marmon clamp joints and significant differe ces for the
shear bolt continuous land ring and tension b it joints.

An exploratory analysis has shown that finite element methods
can be useful in predicting compliance values for missile
alrframe joints.

The finite element analysis has demonstrated analytically
that the number of load paths and their spacing around the
periphery of the joint are the determining parameters in
joint compliance.

The next phase of this study, identified as "Phase 3, Methods Con~-
firmation and Documentation Phase'" is directed at sccomplishing the
following objectives.

(1)

Extend the finite element modeling techniques developed
during Phases 1 and 2 to model joints in a more cost
effective manner.
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(2)

(3)

(4)

(5)

(6)

Perform modifications to the joint compliance extraction
technique digital computer code to improve its convergence
chdaracteristics and to facilitare its application to
experimental data.

Prepare a user's manual for tne joint compliance extraction
code to facilitate its distribution to and application by
interested govermnment and industry users.

Mode! the joint interface impac“ phenomena which acts as
a vibration source under certain conditions, develop an
approach to reducing the vibration source and illustrate
the approach in a limited laboratory evaluation program.

Develop a rating system for the structural dynamic proper=-
ties of commonly used tactical rissile airframe joints
and integrate the ratings into cverall system requirements.

Prepare a final report which will summarize the findings

of the Phase 3 study and also provide an overview of the
Phase 1, 2 and 3 studies.
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